Many studies have identified gender differences in communication related to spatial navigation in real and virtual worlds. Most of this research has focused on single-party communication (monologs), such as the way in which individuals either give or follow route instructions. However, very little work has been reported on spatial navigation dialogs and whether there are gender differences in the way that they are conducted. This article will address the lack of research evidence by exploring the dialogs between partners of the same and of different gender in a simulated Human-Robot Interaction study. In the experiments discussed in this article, pairs of participants communicated remotely; in each pair, one participant (the instructor) was under the impression that s/he was giving route instructions to a robot (the follower), avoiding any perception of gendered communication. To ensure the naturalness of the interaction, the followers were given no guidelines on what to say, however, each had to control a robot based on the user's instructions. While many monologe-based studies suggest male superiority in a multitude of spatial activities and domains, this study of dialogs highlights a more complex pattern of results. As anticipated, gender influences task performance and communication. However, the findings suggest that it is the interactionthe combination of gender and role (i.e., instructor or follower)-that has the most significant impact. In particular, pairs of female users/instructors and male "robots"/followers are associated with the fastest and most accurate completion of the navigation tasks. Moreover, dialoge-based analysis illustrates how pairs of male users/instructors and female "robots"/followers achieved successful communication through "alignment" of spatial descriptions. In particular, males seem to adapt the content of their instructions when interacting with female "robots"/followers and employ more landmark references compared to female users/instructors or when addressing males (in male-male pairings). This study describes the differences in how males and females interact with the system, and proposes that any female "disadvantage" in spatial communication can disappear through interactive mechanisms. Such insights are important for the design of navigation systems that are equally effective for users of either gender.
INTRODUCTION
How we talk about places and objects in the world challenges researchers from a variety of disciplines. This research has resulted in the development of theories of human communication, cognition, and behaviour and informs the design of computer applications and user interfaces including those related to spatial information, such as Geographic Information Systems, dialoge systems for robot navigation, and spatiallyaware artificial agents.
It is widely recognized that there are large individual and group differences in how people process and communicate spatial information, related to, among other things, core spatial and verbal abilities [Vanetti and Allen 1988] , age [Golding 1996 ], education, and previous experience [Newcombe et al. 1983] . Research has shown that observed individual differences may also be "stylistic," that is, relating to preference rather than ability [Barkowsky et al. 2007 ]. Gender-related differences have also been consistently reported in research looking at a variety of spatial tasks; contrary to popular belief, though, evidence remains inconclusive about male superiority in this area [Lawton 1994; Allen 2000a] .
Research into communicating spatial information has identified a complex pattern of findings with regards to gender differences and spatial and linguistic strategies employed. In particular, men frequently formulate their instructions using the cardinal system and metric distances, whereas women prefer to include references to proximal landmarks [Ward et al. 1986; Lawton 1994 ]. Research on wayfinding shows that women rely on local landmarks for orientation as well, whereas men tend to employ a global perspective that makes use of spatial relations within the environment [Coluccia et al. 2007a] . Researchers have suggested that the wayfinding strategy that is more commonly associated with men is more efficient and robust. There is corroborating evidence that men outperform women in various navigational tasks [Chen et al. 2009; Coluccia and Losue 2004] , though gender differences seem to reduce or disappear as the task becomes easier [Coluccia and Losue 2004] or the field of view increases [Czerwinski et al. 2002] . Lawton [1994] suggests that gender differences are not always observed in spatial tasks, but when they are that the results tend to favor males. Lawton [1994] also draws attention to the choice of methodological approach used in studies, namely, abstract lab tasks versus real-world tasks, which is argued to be a contributory factor in the diversity of findings reported. Findings from psychometric tasks (e.g., mental rotation) consistently favor males, but results are less clear when it comes to more ecologically-valid tasks, for instance, map learning and navigation in a campus [Montello et al. 1999] . In other domains of spatial research, men have been found to draw, read, and interpret maps more accurately than women [Allen 2000a; Beatty and Troster 1987; Coluccia et al. 2007b] . Allen [2000a] attributes this advantage to better spatial working memory, though he points out that these differences apply to specific aspects of map reading and interpretation and should not be readily extended to general spatial abilities.
The complexity in the findings suggests that there is a need for further targeted and systematic investigation of gender-related differences. The research study reported in this article seeks to contribute to the existing corpus of research through an analysis of route instructions, with the focus on route-based dialog systems where human users give route instructions to computer-based devices, such as robots. Route instructions are an interesting area in the study of spatial language as they are not only produced to describe the world, but also to elicit a particular navigational behavior from an individual (or system) which will result in their reaching a destination efficiently [Daniel and Denis 1998 ].
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ROUTE INSTRUCTIONS: BACKGROUND
Spatial language typically and naturally occurs in dialog. As such, we hardly ever produce route instructions without an intended recipient. Moreover, communicating route knowledge is a collaborative, goal-oriented process, anchored in a specific spatial context. This makes it a prototypical dialogic situation. Spatial language is a lively area of research but, surprisingly, the overwhelming majority of studies explore spatial language in monolog, and often in highly controlled and artificial settings.
There has been a range of empirical studies that have sought to bridge the gap between abstract and real-world route instruction tasks, yet this research tends to be from a particular perspective/set of assumptions or simplifications that are problematic. The most important of these is that the research often sees language production and comprehension in isolation, lacking interactivity between the parties. Among the most cited studies are those of Allen, whose contributions include a framework for the analysis of route instructions [Vanetti and Allen 1988] , investigation of individual differences [Allen 2000a [Allen , 1997 and an account of properties of route instructions that facilitate wayfinding [Allen 2000b] . Similarly, the Human Cognition Group in Paris Denis 1998, 2004; Denis 1997] has provided analyses of spontaneously produced route instructions, looking at the effect of their conciseness and effectiveness on wayfinding. In all of the studies mentioned so far in this section, the instructions that the participants followed had been independently produced by either another group of subjects beforehand or by the experimenter. Golding [1996] also describes a study in which subjects gave instructions, answering questions of the type: "how do you get to X?" and "where is X?". While Golding [1996] acknowledges route explanations as a question-answering process that supports the addressee's goals and identifies common ground between the parties involved, it is surprising that the addressees, who were informed confederates, were allowed minimal contribution to the interaction (being limited to providing only "yes"/"no" answers). The importance of the element of interaction that is missing from these studies is highlighted by Allen [2000b] . The study's findings suggest that instructors adhere to certain conventions related to the principles of "referential determinacy" and "mutual understanding" captured in the collaborative model of dialog [Clark 1996] . That is, people are expected to produce route descriptions which minimize the uncertainty along the route, by concentrating on linguistic elements that: (i) provide specificity and additional information about the environment at points that offer potential orientation problems (such as crossroads); and (ii) that are easy for the listeners to make sense of. The participants in Allen's [2000b] study followed scripts of route instructions that differed in terms of these elements and it was found that navigation errors increased when route instructions violated these principles.
The lack of interaction in many studies is a simplification that is problematic, assuming that understanding how people produce and comprehend language in isolation can lead to an understanding of how people communicate. A normal dialogic situation is, however, more than an information transfer between speakers, and empirical research using dialog paradigms has provided ample evidence of how the dialogic situation shapes language (e.g., Garrod and Anderson [1987] , Pickering and Garrod [2004] , Clark [1996] ). In studies of this kind, language is seen as a collaborative activity in which partners introduce, negotiate, and accept information. This is illustrated in studies that identify partner adaptation in a variety of tasks and contexts (see, for example, Brennan and Clark [1996] , Schober [1993 ], Fischer [2007 ). The interaction that occurs through dialog means that interlocutors gradually align their linguistic expressions. This is evident in Garrod and Anderson's [1987] maze task experiment which found that participants converged on similar spatial descriptions. Evidence of alignment has also been found within route-giving dialogs, where participants aligned in terms of reference and perspective [Filipi and Wales 2009; Schober 2009 ]. Whereas monolog-based accounts treat language production and language comprehension as distinct autonomous processes, the Interactive Alignment Model of dialog [Pickering and Garrod 2004] assumes that they are closely coupled to each other in dialog. According to the model, as the dialog proceeds interlocutors come to align their language at many levels (phonological, lexical, syntactic, semantic, reference frames, and situation models). In other words, an interlocutor matches the most recent utterance from his/her partner with respect to lexical choice, lexical meaning, syntax, etc. Alignment acts as a mechanism to promote mutual understanding and highlights the collaborative nature of dialogic communication.
A specific value that can be gained from using dialog methods to study route instructions is that they can elucidate the effects of comprehension on the subsequent production of route information [Pickering and Garrod 2004] . They can also help to identify and understand the relation between route descriptions and natural communication phenomena that are suppressed in monolog situations, such as feedback, clarification and confirmation requests, and repairs [Muller and Prévot 2009] . Such events are important as they can be used to classify the effectiveness and efficiency of communication and are likely to be important in future innovations in human-computer navigation systems.
AIMS OF THE STUDY
The study reported in this article adopts a dialogic approach to explore the conducting and completion of route tasks, an approach fruitfully applied in recent studies of carbased systems that stress the importance of navigation as a collaborative task (such as Forlizzi et al. [2010] ). This allows us to investigate the influence of gender, not only at an individual but also at a pair level, on communication efficiency and effectiveness by looking at the performance of spatial route tasks and the content and structure of the instructions given and the responses to them.
Although existing literature points to males having an advantage in monologic direction-giving and -following tasks, it remains an open question whether this advantage persists in interactions with other people, whether of the same or opposite gender. Through applying a dialogic approach, this study aims to determine whether males are better at comprehending, executing, and negotiating route instructions in real-time interaction with their partner. Moreover, the study explores the hypothesis that men are capable of producing more efficient route instructions than women. Essentially, it tests the hypothesis that pairs of male participants will outperform pairs that consist of at least one female, but where the pairings think that the instructor is a robot (therefore avoiding bias as a result of gender perceptions).
The study's focus, however, is not only to elucidate differences in performance but also in the content and structure of the instructions given, by looking at the use of certain linguistic components (namely, delimiters and landmark references) that are associated with effective instructions [Vanetti and Allen 1988; Allen 2000b; Michon and Denis 2001] . This will provide evidence in relation to the recurring finding (discussed in Section 1) that women favor landmark-based references more than men do, in both roles of follower and instructor, which could, in turn, be used to improve the design of computer-based navigation systems.
To address these study aims, an experiment was designed to elicit natural dialogs which contained spontaneously generated route instructions within a controlled spatial network. The details of the method are set out in the next section.
METHOD
The study employed a modified version of a Wizard-of-Oz experiment: in a Wizard-ofOz experiment, two people interact, one of whom is under the impression that s/he is talking to a system. The instructors/users in this experiment were made to believe that they were interacting directly with a robot (the follower). However, in order to ensure the naturalness of the interaction, the "robots"/followers were also naive participants and they were given no guidelines on what to say and no dialog script. The domain used in the experiment was navigation in a town and the user had to guide the robot to six designated locations. The cooperative nature of the task lay in two additional characteristics. First, in each pairing, only the user knew the destinations and had a global view of the environment, so the "robot" had to rely on the user's instructions and location descriptions. Secondly, the user needed the "robot's" descriptions to determine its current position and perspective. Participants were able to freely interact and develop their own strategies to carry out the experimental and discourse task.
Placing a "robot" (rather than making explicit that it was another person) at the other end of the communication channel serves three purposes. Firstly, the obvious merit of this approach is that the results can be used in the future design of robotic/computer systems and embodied conversational agents. Secondly, communication in normal conversational settings makes use of assumptions and shared knowledge as well as general linguistic conventions. These features are often transparent to those involved and are likely to be confounding in terms of the aims of this study. When talking to a "robot", users are expected to avoid using this knowledge and to depend on assumptions and conventions set up within the course of the particular dialog only, allowing clearer insights into their patterns of interaction. Thirdly, it masks the gender of participants, avoiding gender stereotype issues which might influence the communication, such as men being less likely to listen to instructions from female voices (see, for example, Jonsson et al. [2008] ).
To allow gender differences in route-giving and -following tasks as they emerge from interaction to be explored, pairs were formed with all possible combinations of roles and gender:
(1) Male user/instructor, Male "robot"/follower (henceforth referred to as MM) (2) Male user/instructor, Female "robot"/follower (MF) (3) Female user/instructor, Male "robot"/follower (FM) (4) Female user/instructor, Female "robot"/follower (FF)
Experimental Set-Up
For the purposes of the experiment, a custom system was developed that supported the interactive simulation and enabled real-time direct text communication between the user-"robot" pairs. The system connected two interfaces over a Local Area Network (LAN) using TCP/IP as the communication protocol. The system kept a log of the dialogs and also recorded the coordinates of the current position of the "robot" at the moment that each message was transmitted, making it possible to analyse a textual description against a matching record of the robot's position and reproduce its path with temporal and spatial accuracy. The interfaces consisted of a graphical display and an instant messaging facility (the dialog box). The dialog box displayed the participant's own messages in the top part of the box, with the messages received by the other participant displayed in the lower part of the box. Figures 1 and 2 show the interfaces operated by the user/instructor and "robot"/follower, respectively.
The interface of the user/instructor displayed the full map of the simulated town. The destination location was shown in red and the tasks that had been completed were shown in blue. The "robot's"/follower's interface displayed a fraction of the map, the surroundings of the robot's current position. The "robot" was operated by the follower using the arrow keys on the keyboard. The dialog box also displayed a history of the user's previous messages. To simulate the ability of the "robot" to learn routes, after each task was completed a button for this route appeared on the robot's/follower's screen. If the "robot" was instructed to go to a previous destination, the robot/follower could press the corresponding button and the "robot" would automatically execute the move. 
Experimental Procedure
A total of 56 participants (31 males and 25 females) were recruited from various departments of a UK university. The allocation of participants to the two roles (user/instructor versus "robot"/follower) was random and no computer expertise or other skill was required to take part in the experiment. The participants were allocated to pairs as shown in Table I . Users/instructors and "robot"/followers were seated in separate rooms equipped with desktop PCs, on which the respective interfaces were displayed. Participants received verbal and written instructions related to the task from their role perspective. For the "robot"/followers this included the fact that they were to pretend to be robots. The "robot"/followers were also given a brief demonstration and time to familiarize themselves with the operation of the interface.
The users/instructors were told that they would interact directly with a robot, which for practical reasons was a computer-based, simulated version of the actual robot. They were informed that the robot had limited vision, but advanced capacity to understand and produce spatial language and learn previous routes, reducing the likelihood of users/instructors inferring during the interactions that the "robot" was actually a person. They were asked to open each interaction with "hello" (which actually initialised the application used by the "robot"/follower) and end it with "goodbye" (which closed both of the applications used by the pair).
Users/instructors were asked not to employ cardinal reference systems (such as "North", "South", "up", "down"), since use of reference systems was not a focus of the study and it was thought that it may lead to confusion/ambiguity since no reference system was provided in the map. Instead "forward", "backward", "right", and "left" were to be used as directional statements. The users/instructors were further instructed to use the robot's perspective. The users were given no other examples of, or instructions about, how to interact with the robot.
The pairs attempted six tasks presented to each pair in the same order; the user/instructor navigated the "robot"/follower from the starting point (bottom right of the map) to six designated locations (pub, lab, factory, subway, Tesco, shop). The users/instructors were free to plan and modify the route as they wished. The destinations were selected to require either incrementally more instructions or the use of previously taught routes. Dialogs could run until the task was completed or the user/instructor chose to end them. At the end of the experiment, participants were debriefed and the full nature of the experimental set-up was disclosed and explained. Before this disclosure, the users/instructors were probed about their understanding of the experimental set-up. Each of them confirmed their confidence in the set-up and expressed surprise when told subsequently that they had been interacting with a human acting as the "robot". This gives confidence that any effects identified in the results are not a result of language adaptation by the users/instructors arising from them believing that they were instructing another person.
DATA ANALYSIS APPROACH
The study yielded a corpus of 160 dialogs, which comprised 3,386 turns by the participants (1,853 user/instructor turns and 1,533 "robot"/follower turns). The users/instructors produced 1,460 instruction units. Quantitative analysis of relevant data, such as the time taken to complete each task, and the number of words, turns, and instructions in each dialog, was undertaken alongside detailed qualitative discourse analysis of the dialogs, which identified the frequency of miscommunication and the type and granularity of the instructions. The approaches taken as part of the discourse analysis are outlined in the following three subsections.
User/Instructor Utterances: Component-Based Analysis of Instruction Units
The 950 instruction turns were segmented into 1,460 instruction units (also referred to as Turn Constructional Units by Tenbrink [2007] and Minimal Information Units by Denis [1997] ). The primary, initial annotation of instruction units was based on the classification schemes of Denis [1997] and Tenbrink [2007] . The main distinction made in Denis's [1997] original scheme is whether the instructions contain references to landmarks. The categories in the scheme used in this study were: (i) action prescriptions without landmarks (e.g., go forward, turn right); (ii) action prescriptions with landmarks (e.g., turn left at the pub, cross the street); and (iii) introduction/description of landmarks with descriptive verbs such as "is", "see", or "find" (e.g., you'll see a bridge on your left).
Following Tenbrink [2007] , we introduced a subdivision of landmarks, categorizing them as: references to three-dimensional landmarks (such as buildings and bridges); two-dimensional landmarks (referred to as pathways, such as streets and junctions); or references to the destination location.
An example of the analysis and tagging is shown in Table II , which is a dialog turn comprising four instruction units.
Finer-grained component analysis was then performed on the corpus of instruction units. The analysis used Allen's Communication of Route Knowledge framework [Vanetti and Allen 1988] , which considers features and smaller constituents, such as frame of reference and modifiers. This framework complements the initially used scheme in two respects. Firstly, it further divides the pathway category into "choice points", which include junctions, intersections, and crossroads, and "pathways", which include channels of movement (streets, roads, etc.). Secondly, it introduces delimiters, that is, features that define the instructions and provide differentiating information about an environmental feature (i.e., a landmark).
The final scheme used in this study, bringing together Denis' [1997], Tenbrink's [2007] , and Vanetti and Allen's [1988] ideas, is outlined in Table III . The tags that were used are shown within the brackets.
Category 2 delimiters (such as left, right, down, forward) are the basic constituents of a route instruction since they specify the direction of movement. However, purely directional instructions are underspecified and provide minimal information to the follower [Tenbrink 2007] . Complementing the directional instructions with action boundary information (provided by category 1 delimiters), and/or terms that clarify the frame of reference (category 3 delimiters) and specify the target landmark (category 4 delimiters) increases the instruction's level of granularity and reduces referential ambiguity [Allen 2000b; Tenbrink 2007] .
To estimate the specificity and level of granularity of user instructions (of interest, given the study's focus on efficiency and effectiveness of communication) the number Move forward until you reach a bridge DIR 2 1 L 4
(DIR: action directive based on verb of movement; C: choice point; L: location; numbers in the "tag" column signify delimiter type from Table III) .
of actions and delimiters embedded in each instruction were calculated. According to research [Denis 1997; Michon and Denis 2001; Fischer 2007] , the inclusion of environmental features also decreases referential ambiguity, so such components were also considered. Examples of the annotation of the instruction units and the resulting calculation of components are given in Table IV . The annotation is illustrated by considering the most complex instruction unit in the example captured in Table IV ("Move forward until you get to the first junction on your right"): the instruction is a directive statement (DIR) based on the verb of movement, "move"; "forward" is a category 2 delimiter designating direction; "until" is a category 1 delimiter, providing boundary information for the action, "move forward"; "first" is a category 4 delimiter specifying the target landmark, "junction"; the "junction" is a choice point; and the choice point is further complemented by the category 3 delimiter, "on your right", stating its position in relation to the frame of reference. This gives six components in the instruction unit.
"Robot"/Follower Utterances: Analysis of Responses
As the study focuses on both sides of the interaction, "robot"/follower turns were also considered in the annotation. The responses by the "robot"/follower, immediately after a user instruction, were tagged based on whether they were statements (S) or questions (Q), and whether they contained references to locations (L), pathways (P), choice points (C), the destination (D), or simple directional designations (i.e., category 2 delimiters, such as left, right, forward, etc.).
The Interactive Alignment model (see Section 2) proposes that the tendency of interlocutors to repeat each other's lexical choices is an indication that they are aligned The columns denote (from left to right): the speaker (User or Robot), the Utterance Number, the Utterance, the annotation of the instruction, the annotation of the "robot"/follower's response, and the match between instruction and response.
in terms of lexicon [Brennan and Clark 1996] . Higher alignment is associated with better understanding and dialog success [Costa et al. 2008] . Recognizing matches is therefore important in making judgements on the effectiveness of the communication.
To this end, the "robot"/follower tags were compared to the corresponding tags of the user instruction and the match rates were calculated. An example of tagged dialog is shown in Table V : the first "robot" response (2) is tagged as a "match", repeating the user's word "junction"; whereas the second "robot" response (4) is not a "match".
Annotation of Miscommunication
Other judgements related to efficiency of the communication can be drawn from the identification and analysis of miscommunication. From a theoretical perspective, there are two types of miscommunication: misunderstandings and nonunderstandings [Hirst et al. 1994] . Misunderstandings corresponded to execution errors, which refer to instances in which the "robot"/follower failed to understand the instruction and deviated from the described route. The coordinates (x, y) of the "robot's" position were recorded for each exchanged message and placed on the map of the town (which was defined as 1024 by 600 pixels), allowing the movements of the robot to be retraced when undertaking analysis of the dialogs. Execution errors were determined by matching the coordinates corresponding to each of the user's/instructor's utterances with those returned as a result of their execution by the "robot"/follower. An excerpt of a dialog containing an execution error is shown in Table VI . Figure 3 illustrates the route which the user described and the robot followed during the interaction presented in Table VI . The "robot"/follower accurately executed the instructions in utterances 5, 6, and 7. However, the "robot"/follower misunderstood the next instruction (utterance number 8) and ended up in an unintended location. The second type of miscommunication considered in the analysis are the utterances by the "robot"/follower that signalled nonunderstanding (typically formulated as clarification requests) [Gabsdil 2003 ]. The annotation of nonunderstandings follows the definition provided by Hirst et al. [1994] and Gabsdil [2003] . Nonunderstandings occur when: (i) the "robot"/follower forms no interpretation of the user/instructor's utterance; (ii) the "robot"/follower is uncertain about the interpretation s/he obtained; or (iii) the utterance is ambiguous to the "robot"/follower, leading to more than one interpretation of the instruction. Table VII contains examples of utterances corresponding to these different sources of nonunderstanding, but it should be made clear that the analysis did not consider each source separately. Nonunderstandings also included cases in which the "robot"/follower understood the meaning of the instruction but had a problem with its execution. An example of this final type of non-understanding is where the user/instructor is telling the "robot"/follower to move forward, but the instruction cannot be executed given the "robot's" current location on a t-junction, as in example (iv) in Table VII . The columns denote (from left to right): the speaker (User or Robot), the Utterance Number, the "robot" coordinates, and time that the utterance was sent and the utterance. Fig. 3 . The "robot's" execution of the instructions given in the dialog presented in Table VI : The solid white line illustrates the accurately executed route; the grey long dashed line represents the route that the instructor described but the "robot" failed to execute; the grey dotted line shows the deviation from the intended route; the numbers in brackets along the executed route indicate the utterances communicated at that point. There is a fork in the road. Allen [2000b] practically demonstrated the validity of combining deviations from the described route with instances in which followers expressed nonunderstanding (i.e., they did not know where to go next) into a single measure, termed "information failure." This approach was adopted in the study, with the two types of miscommunication (execution errors and nonunderstandings) being combined in one measure.
RESULTS
This section introduces and justifies the analysis approach used and reports the results of the quantitative and qualitative analysis of the dialogs between users/instructors and "robot"/followers.
Analysis Approach
One-way ANOVA for independent groups was performed, the factor being the pair configurations (MM, MF, FM, FF). The efficiency of the interaction was determined using the following measures: the time taken and the number of words, turns, and instructions per task. The effectiveness of the interaction was established by measuring the rates of miscommunication. Component analysis of the instruction units was undertaken to provide detail on the granularity and types of interaction, which are also important in determining effectiveness and efficiency. Finally, the match rates between the "robot"/follower responses and the user/instructor instructions were used as an indicator of alignment between partners. Two-way ANOVA was also undertaken, the factors being user and "robot" gender. The results of the one-and two-way ANOVA were consistent for all three variables considered (time taken, the number of instructions per task, and rates of miscommunication). The high-level analysis and data for the two-way ANOVA are presented in Appendix A.
The article reports the results of the one-way ANOVA because this analysis emphasises (or "foregrounds") the effect of the interaction of role/gender, which is expressed as the factor of group configuration (all possible combinations of role and gender).
Particular caution was exercized with respect to the assumptions for the parametric tests. For all three variables (i.e., time, instructions per task, and rates of miscommunication) the shape of the distributions were examined before performing the ANOVA. For the group of n = 5, some of the histograms did not look particularly "normal", but the assumptions were not grossly violated, since there were no signs of outliers in the boxplots and no "lumps" or large gaps in the distributions. As such, the data are not inconsistent with being drawn from a normally distributed population. Secondly, Levene's test was used to ascertain equal variances between groups. Finally, the most "conservative" (i.e., the lowest risk for type I error) post hoc test, the Scheffé test for pairwise multiple comparisons, was used to identify the levels of significance for specific differences between groups. To provide additional assurance of the suitability of adopting a parametric test, a nonparametric test was used as a comparison. The Kruskal-Wallis test (the nonparametric equivalent to one-way ANOVA, based on the ranks of scores) was performed. The Mann-Whitney test was used for post hoc analysis. The results of the Kruskal-Wallis test were along the same lines as the parametric ANOVAs that were undertaken. The results in terms of pairwise differences were also supported by the Mann-Whitney test. The results of the nonparametric tests are given in Appendix B for completeness.
Time Taken per Task
The results associated with the average time taken to complete each task suggest that pair configuration has a significant impact on the speed with which the pairs completed each task, F(3,24) = 4.038, p = 0.019. The post hoc test indicates that statistically reliable differences are found between the FM and FF pairs (p = 0.05) and between the FM and MF pairs (p = 0.05). In particular, FM pairs were significantly quicker (306 seconds) -by almost two minutes -than FF and MF pairs (425 seconds and 409 seconds, respectively). Figure 4 shows the average completion time per task for the four pair configurations. The means and standard deviations are included in Table VIII . The additional two-way ANOVA analysis and nonparametric tests presented in Appendices A and B support the assertion that this is a pair effect. 
Number of Words, Turns and Instructions
In order to further explore communication efficiency, the number of words, turns, and instructions required to complete each task were recorded. Comparisons of the number of words and turns (by users/instructors, "robot"/followers, and totals per pair) showed no reliable differences. However, analysis of the mean number of instructions that users/instructors provided revealed an effect of pair configuration, F(3,23) = 3.771, p = 0.025. The largest difference, which provided the greatest contribution to the effect, was found between FM and FF pairs (p = 0.03), with the former using on average 40% fewer instructions to correctly reach the destination than the latter. The mean number of instructions per task and standard deviations for each pair configuration are shown in Table VIII .
In brief, it seems that all interlocutors, irrespective of role and gender, were equally "talkative" and claimed conversational ground at similar rates. However, female users/instructors in FF pairs seemed less efficient in the use of route instructions.
Frequency of Miscommunication
As previously noted, a combined measure of the two types of miscommunication ((i) execution errors and (ii) "robot" turns that were tagged as expressing nonunderstanding miscommunication) was used in this study as a measure of effectiveness. The one-way ANOVA revealed a significant effect (F (3, 23) = 3.628, p = 0.028) with respect to this combined measure of miscommunication. Post hoc analyses using the Scheffé criterion indicated that the average number of errors and nonunderstandings per task was higher in the FF condition (M = 2.18, SD = 1.44) than in the FM condition (p = 0.035) (M = 0.78, SD = 0.53). Marginal specific differences (p = 0.08) were also found between FF and MM (M = 0.8, SD = 0.53) pairs. These results suggest that "robots" in FF pairs were almost three times more likely to fail to understand and execute instructions than male "robots" paired with users of either gender. The rates of miscommunication are summarised in Table VIII.
Instruction Types and Granularity
The corpus of utterances contained 1,460 single instructions. Primary component analysis of the instructions revealed that the biggest single type of instruction was action prescriptions without landmarks (47% of the utterances). 53% of the instruction corpus contained a reference to a location or a path entity. In particular, users/instructors employed instructions that included location references in 19.4% of the instruction instances. Pathway references accounted for 18.7% of instruction instances. Finally, destination references with action constituted the first instruction (stating the destination), whereas destination references without action were used without exception as final instructions and formed 15% of all instructions. Figure 5 shows the distribution of the instruction types in the corpus.
Comparing the distribution of instruction types across pair configurations yielded a reliable difference (χ 2 (3) = 29.601, p<0.001), showing that users/instructors in MF pairs tend to use considerably fewer simple action prescriptions than users/instructors in the other pair configurations. Only 35% of their instructions were action-only descriptions as opposed to 50% for the other pairs. They also used more location references (27% versus 16%). The results of the analysis are schematically and numerically presented in Figure 6 and Table IX. The analysis revealed an association between pair configuration and level of granularity of the instructions provided (χ 2 = 9.674, df = 3, p = 0.02). Using the categories of instructions with two components and instructions with three or more components, inspection of the frequencies showed that users/instructors in MF pairs were more likely to provide more detailed and explicit information (see Figure 7) . Interestingly, approximately the same frequencies were observed across the other configurations, but "robot"/followers in FF pairs seemed to be the least capable of dealing with reference resolution problems, underspecification, and missing boundary information, as indicated by the elevated miscommunication rates (reported in Table VIII ).
"Robot"/Follower Responses
Two points relating to gender differences can be identified from the "robot"/follower response data. The first concerns the match/no match rates: the extent to which the "robot"/follower responses either do or do not match the linguistic content of the previous instruction (see Table V for examples). The data suggest that an association exists between the pair configuration and match/no match rates (χ 2 = 15.148, df = 3, p = 0.002), with FF pairs most likely to use nonmatching responses (see Table X ).
The second point relates to the use of landmarks in responses. Female participants were found to use more reference-based descriptions than males. Though no inference was possible regarding the use of landmark references by "robot"/followers across the pairs configurations because of the large inter-subject variability that existed, it is interesting to note that female "robot"/followers in MF pairs used relatively more references than those in FF pairs. This may be reflective of the earlier reported finding that male instructors in MF pairs used the largest number of landmark references.
DISCUSSION
Although gender differences in user interface design and use are of great interest to researchers and developers alike, the interaction design process usually excludes gender considerations. As a result, even today "the user" remains genderless [Bardzell 2010 ]. This study helps to address this gap and can be placed within the new subfield of HCI, termed "Gender HCI" [Beckwith et al. 2006] , which focuses on the differences in how males and females interact with "gender-neutral" systems and, by taking gender issues into account, how systems can be designed to be equally effective for both men and women [Fern et al. 2010] .
Research in this area includes the pioneering work by Czerwinski and her colleagues [Czerwinski et al. 2002] . Their approach was first to identify gender differences in Virtual Reality (VR) navigation and then to find solutions to offset these differences in display and VR world design (by provision of larger displays and wider views). Another example is the Gender HCI project of the EUSES consortium, which uncovered gender differences in end-user programming in terms of confidence and feature use and proposed solutions for the design of programming environments [Beckwith 2007] . Similarly, Fern et al. [2010] showed differences between male and female users, and the relation between their strategies and success in a debugging task. The position held in this body of research is that software design determines how well female problem solvers can make use of the software. Understanding how gender influences strategies, behaviors, and success is the first step towards design that promotes successful behaviors and strategies by users of both genders.
Along the same lines, the study reported in this article contributes to Gender HCI by detecting gender differences in the novel domains of Human-Robot Interaction (HRI) and spoken dialog systems, which are prime examples of collaborative/goal-oriented interaction between humans and computer systems. As noted in Section 2, there is a significant amount of research on spatial cognition and language, a considerable part of which has focused on the investigation of gender differences. The novelty of the current study, however, is that it has examined gender differences using the dialog paradigm in a naturalistic but carefully controlled spatial setting.
Most existing research identifies male superiority in a range of spatial activities and domains, leading to the prediction that all-male pairs would outperform all other groups and that all-female pairs would be the least successful. Similarly, it might be expected that pairs with a male in either user/instructor or "robot"/follower role (i.e., MF or FM pairs) would show more efficient interactions than FF pairs. The study reported in this article, however, reveals a more complex pattern of results.
As anticipated, gender influences task performance and communication. However, the findings suggest that it is the interaction, the combination of gender and role, that has the most significant impact. In particular, in this study, pairs of female users/instructors and male "robot"/followers (i.e., FM pairs) are associated with the fastest and most accurate completion of tasks. Female users/instructors needed to give fewer instructions, but only when the person following them was a male. Male "robot"/followers in this pair configuration are associated with the lowest rates of execution errors and nonunderstandings.
Whereas females in FM pairs were involved in the most efficient communication, when paired with female "robot"/followers they failed to produce similar results. In FF pairs, tasks took longer, female users/instructors gave more instructions, and female "robot"/followers faced greater difficulty in understanding and executing instructions. MF pairs were also significantly slower than FM pairs in completing the tasks. These results do not, though, imply male superiority in direction interpretation and following since female "robot"/followers in MF pairs performed equally well in terms of mean number of instructions and were almost as error-prone as male "robot"/followers paired with male users/instructors.
While this analysis in terms of performance-related measures identifies a picture in which FM pairs were the most successful and FF pairs the least, the dialog-based analysis refines this view and illustrates how MF pairs achieved successful communication through alignment of spatial descriptions.
In terms of instruction type (action-only versus action + reference to environmental feature), MF pairs used considerably fewer action-only instructions and a greater number of incorporated landmark references (i.e., action + reference to environmental feature) compared to the other groups. Though there is ample evidence that females use landmarks as a strategy to find and describe a route, there must be a different explanation given that the instructor in this pair type was male. In this study, male users/instructors included significantly more landmark references only when interacting with a female as "robot"/follower. The explanation proposed here is that the male users/instructors adapted their own linguistic choices to match the needs of the female "robot"/followers, by incorporating more landmark references compared to when they were interacting with male "robot"/followers. Indeed, lexical alignment between partners in MF pairs was the highest among all pair types. This fits with studies that show that speakers adapt their utterances according to the perceived needs, characteristics and spatial capabilities of their partners [Sacks et al. 1974; Schober 1993 Schober , 2009 . Purely spatial instructions, although simpler in form, are mostly underspecified and ambiguous [Tenbrink 2007 ], whereas landmark references provide cues for (re-) orientation and are used to solve or prevent navigation problems [Michon and Denis 2001] . Users/instructors in MF pairs did not rely as frequently on purely spatial instructions, avoiding a source of potential miscommunication. Male users/instructors in MF pairs also employed the highest number of delimiters, thus decreasing ambiguity in their instructions and facilitating wayfinding. On the other hand, users/instructors in all other pair configurations used a greater number of simple spatial instructions, and also provided instructions at a similar level of granularity. This may be because female users/instructors did not adapt as well as male users/instructors to the needs of their female partners. This inference is further supported by the low rates of alignment of "robot"/follower responses to instructions in FF pairs. If this interpretation of the findings is correct, it raises questions around how male users/instructors were able to perceive their partner's needs within a very unusual communication situation of (albeit simulated) human-robot interaction. This presents opportunities for further experimental investigation.
The fact that differences exist between how people provide instructions to humans compared to artificial agents in similar contexts is not counter-intuitive. However, the dimensions and extent of these differences merit additional in-depth research. Comparing the corpus collected in this study to similar corpora provides interesting insights into the subject. Studies that have used the same classification of instructions (action only, action + reference to environmental feature, etc.) across a variety of experiments and conditions report that simple action prescriptions do not exceed 19% of all instructions given [Denis 1997; Denis 2001, 1998 ]. In Muller and Prévot [2009] , the rate is even lower (5%). The common factor in all these studies, however, is that the "follower" is a human. When the follower is a simulated robot, the proportion of action-only instructions rises (to, for example, 31% in the study by Tenbrink [2007] ), suggesting that action-only instructions are less common when produced as part of navigation tasks for human participants. A likely reason for this is that people are generally naive about the linguistic and functional abilities of a robot, so they tend to employ a higher proportion of simple action-based descriptions that are not anchored on visually recognized landmarks (see also studies by Moratz and Fischer [2000] and Moratz et al. [2001] ).
This section concludes with a key recommendation that has to do with adaptability of the dialog manager of the system. In this study, females were not found to use landmark-based spatial descriptions, although this has been described in other research as their default way-finding and instruction-giving strategy (in noninteractive navigation tasks). Nor was it found that gender alone predicts whether and how compound descriptions (that is, descriptions with high granularity) will be employed. However, the findings do highlight the importance of the input-output matching of spatial descriptions produced by user/instructor and "robot"/follower as a precondition for stable and successful communication. That is, although the agents initially start by using different spatial descriptions, as the dialog progresses the most frequently used words become increasingly likely to be reused, inhibiting the other competing expressions. The process of input-output matching is rapid, often occurring in under 15 turns (i.e., soon after completion of the first task in the experiment). This phenomenon is of immediate practical concern to the design of human-computer dialog systems and has implications for handling both user-generated and system-generated responses. Corpus collection studies are essential for building the grammar of the dialog manager of the system and, as the work presented in this article exemplifies, they need to be naturalistic as well as being tuned towards the future application. In deployment of the system, the dialog manager is initially equipped with this grammar of expressions (for instance, a grammar containing the appropriate schemata of landmark-based, simple action-based, and compound descriptions), all of them equally likely to be used by either the system or the user. As the dialog unfolds, the findings from this study suggest that the dialog manager should record and monitor the content and structure of the user's responses so that it is able to gradually narrow down the grammar to the preferred expressions. This could contribute to the accuracy of the spatial language understanding component and, possibly, bring us closer to what makes human-human communication and collaboration successful. Moreover, dialog systems, like robots, are also destined for long-term interaction with the user. Hence, the adaptation occurring within a single interaction should be extended to adaptation between interactions to provide more stable and aligned dialogs.
CONCLUSION
This study has identified pronounced gender-specific differences in the domain of dialog-based navigation of a robot system. Previous research from diverse fields predicts male superiority in both roles of route interpretation and production, such that all-male pairs would outperform all other groups and all-female pairs would be the least successful. This, however, was only partially supported by our study in which "mixed" pairs exceeded or matched the performance of all-male pairs. In particular, the results in Sections 6.2 to 6.6 outline intricate patterns showing that female users/instructors with male "robot"/followers were the most successful. Male users/instructors with female "robot"/followers achieved their strong performance by taking advantage of a particular interactive mechanism, aligning their expressions to those of their partner. Male instructors/users adapted to the "needs" of their female partners by adjusting the use of landmark references, highlighting the fact that the language one produces in monolog is different from language in dialog.
The results do not challenge previous studies, but complement them by suggesting that gender differences in accurate way-finding or direction-giving can be mitigated when females interact with males, either as instructors or followers. That is to say, if there exists a female disadvantage it seems to disappear through mechanisms that emerge naturally in the interaction with males. This observation holds practical significance for the development of dialog systems, as it points to the existence of dialog features that equally benefit users of both genders. Because of the relegation of dialog as a research paradigm, such interactive mechanisms have received comparatively little attention. The outcomes of this study raise questions that present rich opportunities for further experimental investigation. In particular, a next step is to pinpoint the dialog features and strategies that relate to improved performance and communication and test them in isolation in a follow-up controlled dialog study. As suggested earlier, a tentative hypothesis readily emerges from our current results: the coordinated use of landmark references that was observed in MF pairs could be the key to why they outperformed FF pairs and matched, in many respects, the performance of the other pair configurations. In this study, participants successfully coordinated in the presence of uncertainties arising from language and the environment. Thus, the element of interactive clarification becomes significant for successful communication and merits further investigation.
This study also illustrates a valid methodology to assess the range of linguistic options that users are likely to employ in spatial Human-Robot Interaction and shows how the interplay of gender and role affects the content of the instructions. It identifies user patterns of adaptation; for instance, users appear to prefer to give short and incremental instructions, in contrast to strategies used in human/human spatial communication. The study showed a benefit deriving from partner alignment in choice of words, a strategy that was influenced by role and gender. Overall, we contend that these observations can serve to inform the requirements analysis and design of humancomputer dialog systems. From a wider perspective, these insights may also be useful for researchers and designers to better understand how spatial information should be displayed or communicated by systems and how the availability and presentation of such information may change the behavior and experience of users of different gender.
APPENDIX A: TWO-WAY ANALYSIS OF VARIANCE
This section presents the results of the two-way ANOVA, performed along with the one-way ANOVA presented in the main body of the article, which examined the effect of gender and role of participant on the three dependent variables: (i) time taken per task; (ii) number of instructions per task; and (iii) miscommunication per task. The between-participants factors were: (i) user gender (female users versus male users); and (ii) "robot" gender (female "robots" versus male "robots").
As the data and analysis that follows shows, the two-way ANOVA revealed significant interaction effects for the instruction and miscommunication variables (two out of the three variables in the experiment). There was also a main effect of "robot" gender for the third variable, time per task (male "robots" were faster than female "robots"). However, when simple effects are significant, the second step is to examine the error bar charts. It became apparent from the plots that only groups with male "robots" paired with female users were significantly different from the other groups. This meant that the results of the one-way ANOVA and the two-way ANOVA were replicated for all three variables. The findings and analysis in relation to each of the three dependent variables will now be presented. The raw data is also provided at the end of the appendix (see Table XXI ).
A.1 Time per Task
The two-way analysis of variance revealed a main effect of "robot" gender (F(1,24) = 9.225, p = 0.006), which indicated that the mean time per task was significantly lower for male "robots" (M = 340.3 seconds per task, SD = 73.66) than female "robots" (M = 415.23 seconds per task, SD = 64.11). The main effect of user gender and the user gender X "robot" gender interaction were not found to be significant. This suggests that only "robot" gender was related to completion time. The summary analysis is given in Table XI and the detailed two-way ANOVA/between-subjects effects is given in Table XII .
A.2 Number of Instructions per Task
The two-way ANOVA yielded a main effect for the "robot" gender (F(1, 24) = 4.376, p = 0.04), such that female "robots" (M = 10.15, SD = 3.5) required a higher number of instructions per task than male "robots" (M = 8.24, SD = 2.79) (see Tables XIII  and XIV) . However, a significant interaction effect was observed (F(1, 24) = 5.195, p = 0.03), revealing large differences between FM pairs (M = 7.38 instructions per task, SD = 2.26) and FF pairs (M = 12.34, SD = 4.08). This result suggests that FM pairs required fewer instructions to complete a task than FF pairs (see Table XV ). The presence of the interaction effect relegates the importance of the main effect as there was no effect of "robot" gender when the users were male. The interaction was further investigated with t-tests (see Table XVI ) which confirmed that the number of instructions that female users produced depended on the gender of the addressee (t(10) = 2.714, p = 0.02). 
A.3 Number of Miscommunication Instances per Task
There was a main effect of "robot" gender (F(1,24) = 3.933, p = 0.05), suggesting that female "robots" (M = 1.6, SD = 1.08) are more prone to miscommunication than male "robots" (M = 0.98, SD = 0.89) (see Tables XVII and XVIII) . The user gender X "robot" gender interaction was found marginally significant (F(1,24) = 2.954, p = 0.08) and showed differences between FM pairs (M = 0.78 errors/nonunderstandings per task, SD = 0.53) and FF pairs (M = 2.18, SD = 1.44) (see Table XIX ).
Analyses of the simple effects using t-tests were performed to explore the interaction effect (see Table XX ). The t-tests confirmed that the main effect should be cautiously interpreted, as both male and female "robots" were equally error-prone when paired with male users/instructors. On the other hand, female "robots" when paired with female users/instructors seemed to be three times more likely to fail to understand/execute an instruction than male "robots" in FM pairs (t(10) = 2.376, p = 0.039).
Appendix B: NonParametric Analysis
A Kruskal-Wallis one-way ANOVA (the nonparametric equivalent to one-way ANOVA which transforms the initial data to their ranks before performing the ANOVA) was performed on the four groups (FF, FM, MF, MM). The Mann-Whitney test was used to perform pairwise comparisons. The analyses were performed for the three dependent variables: (i) time taken per task; (ii) number of instructions per task; and (iii) miscommunication per task. The raw data is provided in Table XXI . The results of the Kruskal-Wallis test were along the same lines as the parametric ANOVAs: there were significant differences for the variable time per task (p = 0.03) and marginal significant differences for instructions per task (p = 0.06) and miscommunication (p = 0.08). The elevated p values were anticipated since nonparametric tests are less powerful than parametric tests. The previous results in terms of pairwise differences were also supported by the Mann-Whitney test. The findings and analysis in relation to each of the three dependent variables will now be presented.
B.1 Time Taken per Task
The Kruskal-Wallis one-way ANOVA identified significant differences for the time taken per tasks between the different pair configurations (x 2 = 8.629, p = 0.035) with mean ranks of 20.2 for FF pairs, 7.71 for FM pairs, 17.88 for MF pairs, and 13.50 for MM pairs (see Table XXII ). As such, FF pairs had the longest completion times whereas FM pairs had the shortest.
Pairwise comparisons using the Mann-Whitney test revealed significant differences between FM and FF pairs (p = 0.019, U = 3.000, z = −2.355) and FM and MF pairs (p = 0.021, U = 8.000, z = −2.315), suggesting that pairs consisting of female users/instructors and male "robot"/followers were associated with faster completion times (see Tables XXIII and XXIV) . .021 a
B.2 Number of Instructions per Task
The Kruskal-Wallis one-way ANOVA showed a marginal significant difference between the pair configurations (x 2 = 7.105, p = 0.06). The medians were 22.0 for FF pairs, 10.2 for FM pairs, 14 for MF pairs, and 12.07 for MM pairs (see Table XXV ).
Pairwise comparisons revealed differences between FF and the FM and MM configurations (p = 0.028, U = 4.000, z = −2.192 for both comparisons) and marginal differences between FF and MF (p = 0.056, U = 7.000, z = −1.908). These results suggest that the combination of gender and role influences the number of instructions necessary to complete the task (see Tables XXVI to XXVIII ). An outlier was detected in the MM group (case 24) and removed prior to the analysis.
B.3 Number of Miscommunication Instances per Task
The Kruskal-Wallis one-way ANOVA yielded a x 2 = 6.756 with an associated probability value of p = 0.08. The groups differed significantly on the miscommunication measure with FF pairs having the most misunderstanding problems (medians were 20.6 for FF pairs, 10.43 for FM pairs, 16 for MF pairs, and 10.57 for MM pairs) (see Table XXIX ). The results of the Kruskal-Wallis analysis were in line with the .048 a parametric ANOVAs reported in the main body of the article. The elevated p values were anticipated since non-parametric tests are less powerful than parametric tests. The Mann-Whitney test revealed marginal significant differences between FF and FM pairs (p = 0.06, U = 6.000, z = −1.871), and between FF and MM pairs (p = 0.05, U = 5.500, z = −1.956), suggesting that role and gender had an impact on frequency of miscommunication (see Tables XXX and XXXI ). An outlier was detected in the MM group (case 24) and removed prior to the analysis. The other results related to pairwise differences in miscommunication reported in the main body of the article were also supported by the Mann-Whitney test.
